SUMMARY A number of biological responses to angiotensin II have been demonstrated to be modulated acutely by cations, but the exact mechanism has not been elucidated. We have utilized a radioreceptor assay for angiotensin II to determine whether this acute regulatory mechanism could be related to a change in either number or affinity of angiotensin II binding to receptors. Three target tissues were used (adrenal glomerulosa, glomeruli, and uterine smooth muscle). Both mono-and divalent cations influence the kinetics of angiotensin II binding in a similar manner in all tissues. Divalent cations increase the number of receptor sites to a greater extent than did monovalent cations, while monovalent cations changed binding affinity to a greater extent than did divalent cations. These studies demonstrate that both the number and affinity of angiotensin receptors can be rapidly modulated by a variety of cations. The physiologic importance of this observation is as yet unknown. 2 demonstrated that the pressor and uterotonic responses to angiotensin II were cation-sensitive. Enhanced responses were noted with increments of either sodium or calcium. Similar enhancement of biologic activity has been demonstrated for the dipsogenic, antidiuretic, and natriuretic responses to angiotensin administered locally in the brain. 34 Calcium and potassium have been demonstrated to exert similar influences on angiotensin II-induced steroidogenesis.
A number of studies have demonstrated that cations modulate responses to angiotensin II in different target tissues. Schaechtelin et al. ' and Bergmann et al. 2 demonstrated that the pressor and uterotonic responses to angiotensin II were cation-sensitive. Enhanced responses were noted with increments of either sodium or calcium. Similar enhancement of biologic activity has been demonstrated for the dipsogenic, antidiuretic, and natriuretic responses to angiotensin administered locally in the brain. 34 Calcium and potassium have been demonstrated to exert similar influences on angiotensin II-induced steroidogenesis. 5 - 6 In contrast, increments in local concentrations of magnesium decrease the pressor responsiveness to angiotensin II while low or absent magnesium increases responsiveness. 7 This effect as well as those described above 1 -2 for smooth muscle have been shown to be unrelated to local osmolar or enzymatic changes. However, an additional possibility is that cations induced a conformational change in the receptor, thereby producing enhanced or blunted target tis-sue responses. Glossman et al. 8 were the first to show that sodium enhanced bovine adrenal angiotensin II binding affinity (decreased k d ), which was consistent with the above in vivo observations. Their studies demonstrated specificity for sodium because of either lack of effect or inhibition by other mono-and divalent cations. An inhibitory effect by magnesium on smooth muscle angiotensin II binding was also reported by Devynck and Meyer. 9 Conversely, a more recent study demonstrated that both magnesium and calcium enhanced angiotensin II binding to isolated glomeruli.' 0 These studies suggest that angiotensin target tissues differ as to binding changes induced by certain cations.
The present studies were designed to determine the specificity of sodium as a modulator of angiotensin IIreceptor interactions in three target tissues. We compared the effects of sodium with a variety of other mono-and divalent cations on number and affinity of angiotensin II receptors of adrenal glomerulosa, glomeruli, and uterine smooth muscle. Massachusetts) with a specific activity of 1200-2000 uCi/(ig. All chemicals were obtained from Sigma Chemical Company, St. Louis, Missouri. Female Sprague-Dawley rats (225-250 g) were obtained from Zivic Miller, Pittsburgh, Pennsylvania; they were maintained on a standardized diet with a normal electrolyte composition and deionized tap water ad libitum for at least 3 days immediately prior to sacrifice.
Materials and Methods

Tissue Preparation and Binding Assays
The methods used in this laboratory for preparing subcellular adrenal glomerulosa, uterine smooth muscle, and isolated glomeruli, as well as for the binding assays, have been described."" 13 Glomeruli were prepared in 150 mM Tris-HCl, pH 7.4, instead of the usual phosphate buffer. Other details are as described previously. 13 Varying concentrations of cations as Cls alts were added to membranes or cells at the time of initiation of incubations. The time required to achieve steady-state binding for each cation was determined in each tissue prior to performing binding inhibition studies. All reported data were derived from full binding inhibition curves utilizing 0.1 to 2 pmoles unlabeled angiotensin and 5-10 fmoles of l25 I-angiotensin II. Nonspecific binding was determined in the presence of I nmole unlabelled angiotension II. Each curve consisted of from eight to nine data points in triplicate of specifically bound angiotensin II and was analyzed by methods described in Scatchard.
14 Proteins were determined by the method of Lowry et al. 15 Results are reported as mean ± SE and statistical significance determined using paired Student's t test for comparison of receptor binding constants. 16 Results Figure 1 illustrates typical binding inhibition curves for the three target tissues of interest for comparison of the number of receptor sites and K d 's. The receptor concentration is highest in adrenal glomerulosa and lowest in uterine smooth muscle. Adrenal glomerulosa and glomeruli have comparable affinity, with their K d 's lower than that obtained using uterine smooth muscle.
Optimal Ionic Concentrations
Concentrations of cations that maximized binding were similar in adrenal glomerulosa and uterine smooth muscle. There was an increment in binding from 0 to 50 mM and a plateau in binding between 50 and 100 mM with monovalent cations in adrenal glomerulosa and smooth muscle. In glomeruli, 100 mM NaCl and 50 mM KC1 and LiCl were maximally effective. The results of binding inhibition studies reported herein were in the presence of 100 mM monovalent cations in adrenal glomerulosa and smooth muscle, and 100 mM NaCl, 50 mM LiCl, and KC1 in glomeruli. Among the divalent cations tested, all enhanced binding at low concentrations and were maximally effective between 2.5 and 5.0 mM but the effect declined thereafter in adrenal glomerulosa and smooth muscle. A dose-response curve could not be determined in the presence of ZnCl 2 because of solubility problems. It was tested only at 1 mM. Isolated glomeruli differed from adrenal glomerulosa and smooth muscle in that a linear increase in binding occurred with both MgCl 2 and CaCl 2 from 1-20 mM. Therefore, studies are reported using 20 mM concentration of these cations in 
.3 ± 0. glomeruli in contrast to 2.5 or 5 mM in adrenal glomerulosa and uterine smooth muscle. Tables 1 and 2 summarize the effects of monovalent cations on affinity and number of receptor sites as derived by Scatchard analyses. The most consistent observation occurred with NaCl, which was a decrease in K d in all three tissues. There were 50%, 35%, and 17% decreases in adrenal glomerulosa, glomeruli, and smooth muscle, respectively. The change in uterine smooth muscle with NaCl, however, was of borderline statistical significance. KG decreased K d by 38% only in adrenal glomerulosa. Significant increments in number of receptor sites with monovalent cations was present only in glomeruli. There was a 1.6-fold increase with NaCl and a 1.4-fold increase with KC1. LiCl decreased the number of adrenal receptors in all experiments, but the mean decrease of 26% was of borderline statistical significance.
Influence of Monovalent Cations on Binding Constants
There was a suggestion that LiCl had an inhibitory effect on binding to glomeruli even at very low concentrations. To assess this, the glomeruli were prepared in phosphate buffered saline (PBS), pH 7.4 13 and binding inhibition curves performed in the presence of PBS as opposed to Tris-HCl used in the other experiments described herein. There was a significant increase in K d from 0.65 ± 0 nM (n = 2) in the absence of LiCl to 1.02 ± 0.2 nM (p < 0.05) in the presence of 2 mM LiCl.
Influence of Divalent Cations on Binding Constants
As seen in tables 3 and 4, MgCl 2 and CaCl 2 at 2.5 mM both significantly increased angiotensin II binding affinity in adrenal glomerulosa. There was a 46% decrease in K d with MgCl 2 and a 43% decrease with CaCl 2 . MnCl 2 (2.5 mM) and ZnCl 2 (1 mM) similarly influenced affinity, but the number of experiments were limited to two with each. The most consistent effects in all tissues with divalent cations were noted with MgCl 2 (table 4). There was a 1.2-fold increase in adrenal glomerulosa, 3.2-fold increase in glomerular, and 1.3 fold increase in uterine smooth muscle receptor concentration. CaCl 2 also increased the number of glomerular receptors to 2.4 times the basal level. CaCl, and MgCl 2 were combined in adrenal and uterine smooth muscle to determine whether CaCl 2 would decrease the receptor site concentration noted in the presence of MgCl 2 . As noted, in both adrenal glomerulosa and uterine smooth muscle, simultaneous addition of MgCl 2 and CaCl, reduced the number of receptors from that noted in the presence of MgCl 2 . There was no associated change in affinity.
Figures 2 and 3 illustrate Scatchard plots from typical experiments with adrenal glomerulosa and isolated glomeruli. Of particular note in both tissues is the magnitude of increase in receptor site concentration with MgCl 2 in adrenal and with MgCl, and CaCl, in glomeruli. The inhibitory effect of 10 mM MgCl, as compared to 5 mM MgCl, is apparent in adrenal glomerulosa ( fig. 2 ). There was a 2-fold difference in receptor site concentration when 5 and 10 mM concentrations of MgCl, were compared in the same experiment.
To confirm that NaCl and MgCl 2 influenced different binding constants, their effects were compared in the same experiments. The number of receptor sites was significantly higher in adrenal glomerulosa and glomeruli with MgCl, as compared to NaCI. There was 1.3-fold higher number of sites in adrenal (p < 0.005) and 2.3-fold higher in glomeruli (p < 0.05). In addition, the affinity of binding with MgCl 2 and NaCI differed significantly. In paired experiments, the K d with MgCl 2 was 1.4 ± 0.2 nM, n = 5, while it was 1.1 ± 0.2 nM, n = 5 (p < 0.05) with NaCI in adrenal glomerulosa. The K d was lower in isolated glomeruli in the presence of NaCI and MgCl 2 (1.2 ± 0 nM, n = 2) than with MgCl, alone (1.5 ± 0.07 nM, n = 2, p < 0.05).
Discussion The present studies demonstrate that both monovalent cations and divalent cations can significantly influence the kinetics of angiotensin II binding in different target tissues. However, the mechanisms by which these changes in binding occur differ with the two groups of cations. Divalent cations increased the number of angiotensin II receptors to a greater extent than did monovalent cations. In uterine smooth muscle and adrenal glomerulosa, MgCl 2 (and ZnCl 2 in adrenal) increased the number of sites whereas NaCI, K G , and LiCl did not. Additionally, in glomeruli, even though MgCI 2 , CaCl 2 , NaCI, and K G increased receptor site concentration the number of sites ranged from 1.5-to 2.3-fold higher with the divalent cations than with the monovalent. Therefore, it was unusual for monovalent cations to significantly change receptor site concentration, and when it did occur, the change was less than that seen with divalent cations. On the other hand, monovalent cations altered the affinity of angiotensin II binding to a greater extent than did divalent cations. NaCl uniformly increased binding affinity ( | K d ) as compared to Tris buffer without cations. Regardless of whether NaCl was used alone or with MgCl 2 , there was higher affinity than with MgCl 2 in all tissues. Potassium also increased the binding affinity in adrenal and smooth muscle in a similar manner, while LiCl significantly lowered the binding affinity in isolated glomeruli. The adrenal glomerulosa was the only tissue that showed significant change in affinity with divalent cations. The changes were less than those observed with monovalent cations, thus supporting our conclusion that monovalent cations exerted a greater influence upon receptor affinity. These studies represent new observations for angiotensin target tissues not only with regard to binding parameters influenced by monoand divalent cations but also with regard to the specificity of the Na + effects. We have shown that the increase in affinity reported originally by Glossmann et al. 8 is not specific for NaCl but is also observed with KG and to a lesser extent with divalent cations. LiCl is unique in that it decreased binding affinity. Our studies support those of Blanc et al. l0 using rat renal glomeruli and Wright et al. 17 using rat mesenteric vessels, showing overlapping properties among divalent cations in their enhancement of binding. However, our studies indicate (in three target tissues) that the effect is primarily due to a change in receptor site concentration.
Our findings clearly demonstrate that the affinity and number of sites of cell surface receptors for angiotensin II can be rapidly modulated by the local ionic environment. Such effects are unlikely to be due to local osmotic effects since equimolar concentrations of either mono-or divalent cations were not of similar efficacy. Also, molecular size seemed equally unimportant since there was no apparent relationship between degree of change and molecular weight. Our studies support the existence of different sites on the plasma membrane for mono-and divalent cations, both of which may be in close proximity to the angiotensin II receptor. Not only is the fact that they influence different receptor properties suggestive (affinity vs receptor concentration) but the fact that there is additivity between mono-and divalent cations lends additional support. Our results were unlike the recent report of Wright et al. 17 demonstrating that NaCl additively with Mn + + was not seen at concentrations greater than 5 mM of the latter. We demonstrated that the high affinity state characteristic of Na + was apparent even when added to glomeruli incubated with 20 mM MgCl 2 . The mechanisms by which cations influence angiotensin II receptors has been suggested by Glossmann et al. 8 and Wright et al. ' 7 to be due to an interaction between cations and guanine nucleotides. The effects of both mono-and divalent cations were inhibited in a similar manner by guanine nucleotides, 17 suggesting common mechanisms of enhancement of binding. However, our studies of adrenal glomerulosa, renal glomeruli, and uterine smooth muscles suggest that there may be differences between the two groups of cations as to their interaction with angiotensin II receptors that as yet have not been fully appreciated. Further support derives from recent studies in our laboratory using brush border and basal lateral membrane vesicles from rat proximal tubules with identical results as to enhancement of angiotensin II binding (unpublished data).
The present study was designed to compare the effects of cations on receptor binding with each other and with buffer in the absence of cations. Several studies assessing the biological responses to angiotensin II, designed similarly to our studies, support our results.
1^ ' 8 The pressor and myotropic responses to angiotensin II were greater in the presence of NaCl, LiCl, KC1, CaCl 2 , and MgCl 2 in the study reported by Schaechtelin et al. 1 and Altura and Altura. 18 These are in agreement with our receptor binding studies with one exception. LiCl decreased the affinity of binding in the renal glomeruli and the number of adrenal receptor sites. A recent in vivo study has shown that acutely increasing serum K + in dietary potassium-restricted 1 demonstrated enhanced pressor response to angiotensin II at 10 mM MgCl 2 , as compared to no added MgCl 2 , another study conflicts with this observation and demonstrates a shift in the pressor dose response curve to the right with 1.2 mM MgCl, as compared to none. 20 In summary, we have demonstrated rapid regulation of both affinity and number of angiotensin II receptors in adrenal glomerulosa, smooth muscle, and isolated glomeruli. This may be a mechanism by which one could rapidly modulate target tissue receptors and hormonal responses without the requirement of synthesis of new receptor protein. The complete physiologic significance of these observations is as yet unknown.
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